Studying seemingly simple metathesis reactions between ZnCl 2 and t BuMgCl has, surprisingly, revealed a much more complex chemistry involving mixed magnesium-zinc compounds that could be regarded as Mg-Zn hybrids. Thus, the reaction of equimolar amounts of ZnCl 2 and t BuMgCl reveals the formation of the unprecedented mixed Mg-Zn complex [ðTHFÞ 4 Mgðμ-ClÞ 2 Znð t BuÞðClÞ] (1), as a result of the co-complexation of the two anticipated exchange products of the metathesis. This magnesium zincate adopts a contacted ion-pair structure, closely related to Knochel's pioneering "Turbo" Grignard reagents. Furthermore, a second coproduct identified in this reaction is the solvent-separated mixed magnesiumzinc chloride complex [fMgðTHFÞ 6 g 2þ fZn 2 Cl 6 g 2− ] (3) that critically diminishes the amount of ZnCl 2 available for the intended metathesis reaction to take place. In another surprising result, when the reaction is carried out by using an excess of 3 M equivalents of the Grignard reagent (closer to the catalytic conditions employed by synthetic chemists), solvent-separated magnesium trialkyl zincate [fMg 2 Cl 3 ðTHFÞ 6 g þ fZnð t BuÞ 3 g − ] (4) is obtained that can be viewed as a model for the active species involved in the increasingly important organic transformations of Grignard reagents catalysed by ZnCl 2 . Furthermore, preliminary reactivity studies reveal that complex 4 can be used as an effective new reagent for direct Zn-I exchange reactions that allow the preparation and structural identification of the magnesium tris(aryl) zincate [fMg 2 Cl 3 ðTHFÞ 6 g þ fZnðp-TolÞ 3 g − ] (5) that represents the first example of complete 3-fold activation of a zincate in a Zn-I exchange reaction which, in turn, can efficiently be used as a precursor for Negishi crosscoupling reactions.
Studying seemingly simple metathesis reactions between ZnCl 2 and t BuMgCl has, surprisingly, revealed a much more complex chemistry involving mixed magnesium-zinc compounds that could be regarded as Mg-Zn hybrids. Thus, the reaction of equimolar amounts of ZnCl 2 and t BuMgCl reveals the formation of the unprecedented mixed Mg-Zn complex [ðTHFÞ 4 Mgðμ-ClÞ 2 Znð t BuÞðClÞ] (1), as a result of the co-complexation of the two anticipated exchange products of the metathesis. This magnesium zincate adopts a contacted ion-pair structure, closely related to Knochel's pioneering "Turbo" Grignard reagents. Furthermore, a second coproduct identified in this reaction is the solvent-separated mixed magnesiumzinc chloride complex [fMgðTHFÞ 6 g 2þ fZn 2 Cl 6 g 2− ] (3) that critically diminishes the amount of ZnCl 2 available for the intended metathesis reaction to take place. In another surprising result, when the reaction is carried out by using an excess of 3 M equivalents of the Grignard reagent (closer to the catalytic conditions employed by synthetic chemists), solvent-separated magnesium trialkyl zincate [fMg 2 Cl 3 ðTHFÞ 6 g þ fZnð t BuÞ 3 g − ] (4) is obtained that can be viewed as a model for the active species involved in the increasingly important organic transformations of Grignard reagents catalysed by ZnCl 2 . Furthermore, preliminary reactivity studies reveal that complex 4 can be used as an effective new reagent for direct Zn-I exchange reactions that allow the preparation and structural identification of the magnesium tris(aryl) zincate [fMg 2 Cl 3 ðTHFÞ 6 g þ fZnðp-TolÞ 3 g − ] (5) that represents the first example of complete 3-fold activation of a zincate in a Zn-I exchange reaction which, in turn, can efficiently be used as a precursor for Negishi crosscoupling reactions.
O rganozinc compounds (together with organolithium and organomagnesium compounds) are amongst the most commonly used and vitally important reagents in synthesis, playing a key role in many fundamental organic transformations. Their main advantage is their unrivalled compatibility with a rich variety of organic functionalities that stems from the greater stability and more covalent character of Zn-C bonds (in comparison with Li-C or Mg-C bonds) (1) . Together with the oxidative insertion of Zn metal into C-X bonds, metathesis reactions of ZnCl 2 with more polar, more reactive organometallic reagents (typically organolithiums, RLi, or Grignard reagents, RMgX) are one of the most important synthetic tools to prepare organozinc reagents (2) .
Related to this stoichiometric metathesis, a flurry of recent reports have established that the use of catalytic amounts of environmentally benign ZnCl 2 with Grignard reagents greatly enhances the reactivity and selectivity of the latter in numerous cornerstone methodologies in organic synthesis such as alkylations (3, 4) , nucleophilic substitutions (5), or cross-coupling applications (6) . Mixed magnesium-zinc species R 3 ZnMgCl, resulting from the "in situ" metathesis reaction of the relevant Grignard reagent with the catalyst ZnCl 2 , seem to be implicated in these important transformations. However, their presence (as transient intermediates or defined compounds) is only assumed and there is no tangible spectroscopic or structural proof of their role in these vital, new synthetic methodologies. In fact, the number of organometallic compounds combining magnesium and zinc within the same molecule is scarce (7, 8) , contrasting with the numerous reports on the synthesis of mixed-metal compounds (ates) containing an alkali-metal with either magnesium (magnesiates), or zinc (zincates), that show enhanced reactivity beyond the confines of the monometallic reagents from which they are derived (9) (10) (11) .
In situ metathetical approaches are by far the most common vehicles of choice to prepare either these mixed magnesium-zinc putative intermediates or neutral organozinc reagents. Herein, we shed light on this fundamental synthetic tool, by isolating and characterising (structurally and spectroscopically) mixed-metal magnesium-zinc species (Mg-Zn hybrids) resulting from the reaction of ZnCl 2 with t BuMgCl, which reveal that metathesis reactions and the constitutions of the products formed can be decidedly more complex than their simple reaction equations would suggest. Furthermore, we disclose their application to efficiently prepare tris(aryl) magnesium zincates via direct metal-halogen exchange reactions, one of the most important and commonly used methodologies in synthesis (12) .
Results and Discussion
Stoichiometric Metathesis. Firstly following the standard protocol used in the synthetic arena we reacted equimolar amounts of ZnCl 2 dissolved in THF with a commercial solution of the Grignard reagent t BuMgCl in THF, from which a white solid was obtained almost instantaneously. Initially, we logically but mistakenly attributed this to the formation of MgCl 2 (in fact it appears to be largely the hybrid magnesium-zinc chloride [fMgðTHFÞ 6 g 2þ fZn 2 Cl 6 g 2− ] (3), vide infra) that was removed under filtration. Addition of hexane to the remaining solution allowed the crystallisation of a second product, namely the unexpected mixed magnesium-zinc mixed alkyl-chloride complex [ðTHFÞ 4 Mgðμ-ClÞ 2 Znð t BuÞðClÞ] (1), as revealed by multinuclear NMR ( 1 H and 13 C) spectroscopy and X-ray crystallography, instead of the originally anticipated homometallic zinc compound t BuZnCl (Scheme 1). The isolated yield of 1 was a modest 10%.
The molecular structure of 1 established by X-ray crystallographic studies (Fig. 1) confirms its heterobimetallic constitution, where both metals magnesium and zinc are intimately contacted through the presence of two chlorine bridges giving rise to a planar [Mgðμ-ClÞ 2 Zn] four-membered ring. The zinc center completes its distorted tetrahedral coordination sphere by bonding to a terminal chlorine and a terminal tert-butyl group that was originally bound to magnesium. Magnesium achieves its larger distorted octahedral geometry by also bonding to four molecules of THF as well as to the Cl bridges. Tetrahedral Zn forms a strong sigma bond [Zn1-C1 2.000(3) Å] with the quaternary carbon of the formally anionic tert-butyl ligand that is marginally elongated to that found in discrete, linear t Bu 2 Zn [1.977(4) Å] (13). Compound 1 exhibits a unique contacted ion-pair organometallic structure combining Mg with Zn and it can be envisaged as a "molecular salt" structure where the ionic MgCl 2 fragment is trapped within a molecular framework before it can aggregate to build a lattice.* Thus, the two expected products of the metathesis reaction, t BuZnCl and MgCl 2 have formed an unprecedented type of magnesium-zincate [Mg 2þ ðZnR 3 R 0 Þ 2− ] that can be regarded as a hybrid Mg-Zn Grignard reagent (14) . The mixed-metal nature of 1 allows its comparison with Knochel's Turbo Grignard reagents that combine a conventional Grignard reagent RMgX with LiCl (15) (16) (17) , from which a myriad of successful regioselective functionalisations of a wide range of substituted aromatic and heterocyclic molecules have been reported. Furthermore, recent reports by the same group show that the addition of ZnCl 2 to these bimetallic reagents to generate trimetallic systems can enhance their reactivity even further (18) (19) (20) (Fig. 2) that exhibits a structural motif related to that of 1 where both metals are connected by two chlorine bridges with the remaining anionic ligand, in this case the amide TMP, is bonded to magnesium. Here, magnesium displays a tetrahedral geometry bonding to an additional molecule of THF; whereas lithium completes its coordination sphere with two molecules of THF (21) . In 1, the greater electronegativity of zinc causes a reversal of the role played by magnesium that now acts as lithium (the cationic center) in 2, coordinating exclusively to the donor solvent (in addition to the two chlorine bridges) and transferring the anionic t Bu ligand to stronger carbophile zinc.
Turning to the structure of 1 in solution, it is well known that solution constitutions of Grignard reagents are extremely complicated and direct comparison between solid structures and solution studies can often be difficult. Imamoto and Yamaguchi have elegantly proved by using coldspray ionization mass spectrometry (CSI-MS) that the dominant species of a complicated mixture in THF solution for RMgCl formulations is binuclear RMg 2 Cl 3 ðTHFÞ x (R ¼ Me, t Bu, Ph, Bz; x ¼ 4-6) (22) that can be envisaged as a homometallic analog of 1, an adduct between MgCl 2 and RMgCl solvated by THF molecules. We found that at room temperature the 1 H NMR spectrum of 1 in d 8 -THF solution showed a sharp singlet at 0.99 ppm for the t Bu group and two multiplets at 3.63 and 1.77 ppm for free protic THF (replaced by the large excess of d 8 -THF molecules), whose integration showed a t Bu∶THF 1∶4 ratio identical to that found in the crystal structure. In addition, the 13 C NMR spectrum of 1 displayed two resonances at 21.9 and 33.6 ppm for the quaternary carbon and the methyl groups of the t Bu ligand, respectively. These 13 C chemicals shifts are similar to those found for the related t BuZnCl species in the same deuterated solvent (21.0, 33.2 ppm). However, they differ significantly to those found in related organomagnesium compounds [ t Bu 2 Mg, 15.8, 36.0 ppm; t BuMgCl, 15.6, 35.8 ppm (the 13 Cf 1 HÞ NMR spectrum of t BuMgCl in deuterated THF is highly complex showing in addition three minor species that also contain t Bu groups that is consistent with the complicated structure that Grignard reagents in general can exhibit in solution )] (22) suggesting that mixed-metal species 1 retains most of its "zinc character." In addition, no changes in the 1 H spectrum of 1 were observed when low temperature NMR studies were carried out at −40°C, suggesting that, even at subambient temperatures, 1 retains its bimetallic constitution.
Because using this metathetical approach compound 1 is obtained only in poor yield, we next turned our attention to investigate in detail the composition of the white solid formed when ZnCl 2 was reacted with t BuMgCl. This solid proved to be insoluble at room temperature in common organic solvents such as ether, THF, or toluene. Atomic absorption analysis of this solid revealed that it contains both magnesium and zinc. Furthermore, when some of this solid was dissolved in boiling THF, cooling the resulting solution afforded colorless crystals of the trinuclear monomagnesium-dizinc complex [fMgðTHFÞ 6 g 2þ fZn 2 Cl 6 g 2− ] (3) as determined by X-ray crystallography. Complex 3 exhibits a solvent-separated structure (Fig. 3) where the cation is formed by an octahedral magnesium surrounded by six molecules of THF whereas the anionic moiety consists of two zinc atoms bonded to two chlorine bridges and two terminal ones in a distorted tetrahedral geometry. Several examples of other mixed-metal compounds containing either one of these two ions, separately but never together, have been reported (23) (24) (25) (26) . However, surprisingly a search of the Cambridge Crystallographic Database revealed that the 1∶2, Mg∶Zn stoichiometry found in compound 3 is extremely rare across the whole of mixed magnesium-zinc chemistry, with only three such compounds structurally characterized to date (27) (28) (29) . The formation of 3 can be rationalised when the classical Schlenk equilibrium of Grignard reagents is taken into consideration (Scheme 2). Thus, t BuMgCl in THF solution will be in equilibrium with t Bu 2 Mg and MgCl 2 , and on the addition of the ZnCl 2 solution, the formation of the ionic mixed-metal species 3 must be greatly favored, probably due to its low solubility in THF. Adding support to this hypothesis, we managed to prepare 3 rationally by the reaction of MgCl 2 with 2 M equivalents of ZnCl 2 (Scheme 2). [Note that when compound 3 was prepared by using this co-complexation approach, the results for the Mg and Zn atomic absorption (Mg 3.87%, Zn 15.95%) were more satisfactory (theoretical compositions: Mg 3.03%, Zn 16.34%) than those found for the crude solid obtained by reaction of t BuMgCl and ZnCl 2 (Mg 5.27%, Zn 13.14%), which suggest that in the latter method other magnesium species could also be involved]. The formation of 3 will not only have an effect on the Schlenk equilibrium, which will be driven towards the formation of more MgCl 2 , but also towards the amount of ZnCl 2 readily available for the metathesis reaction to take place. Thus, strongly supporting this possibility, we found that the yield for the formation of the metathetical intermediate 1 can be greatly enhanced (almost quantitatively) when the co-complexation reaction of t BuZnCl with MgCl 2 is carried out (Scheme 1).
Catalytic Conditions. We next turned our attention to the study of the metathetical reaction of ZnCl 2 with 3 M equivalents of t BuMgCl to prepare a magnesium trialkyl zincate and to be closer to the conditions used in catalytic applications (3) (4) (5) (6) . Compounds of this type have previously been suggested in the literature to be the active species in many zinc-catalysed organic reactions of Grignard reagents, however, very little is known about the true nature of these species. Thus, for example, Ishihara has recently developed a synthetic methodology using RMgCl in the presence of catalytic amounts of ZnCl 2 that allows the alkylation of a wide range of ketones and aldimines minimizing the formation of undesired reduction or aldol side products (4). Experimentally, we found that on the addition of this excess of t BuMgCl to a solution of ZnCl 2 in THF, a colorless solution was obtained which, on cooling, deposited crystals of the mixed-metal magnesium-rich zincate complex [fMg 2 Cl 3 ðTHFÞ 6 g þ fZn t Bu 3 g − ] (4). Remarkably, no formation of insoluble product 3 is observed for this metathesis reaction that suggests that in the presence of an excess of Grignard reagent (here 3 M equivalents) the formation of mixedmetal species 4 must be greatly favored over the precipitation of 3.
X-ray crystallographic studies established the solventseparated ion-pair structure of 4, with a cationic moiety consisting of two distorted octahedral magnesium atoms sharing three chlorines and with three molecules of the solvent THF completing the coordination sphere of each magnesium (Fig. 4) . The anionic part of the complex comprises a trigonal planar zinc center bonded to three tert-butyl groups. The binuclear cation fMg 2 Cl 3 ðTHFÞ 6 g þ has been previously found to be part of the constitution of certain Grignard reagents in the solid state (22) ; whereas the structure of homoleptic fZn t Bu 3 g − anion has been previously reported in the context of alkali-metal zincates (30-32). As previously seen for the formation of 1, the tert-butyl ligands have been transferred from Mg to the more electronegative Zn, and the byproduct of this metathesis reaction, MgCl 2 , has co-complexed with the relevant metathesis product ( t BuZnCl for 1, t Bu 3 ZnMgCl for 4). Despite this similarity, entirely different structural motifs are found and, whereas in 1 both metals are linked by two chlorine bridges, in 4 there is no possible metal-ligand-metal' communication between Mg and Zn. Because structure and composition control reactivity (33) , it can be anticipated that 1 and 4 may well exhibit distinct reactivities. Closely related to this idea, Oshima (5) has recently reported a study of nucleophilic substitutions of chlorosilanes with organomagnesium reagents in the presence of ZnCl 2 , finding that when the ratio RMgX∶ZnCl 2 is 3∶1 (as in 4) the reaction occurs smoothly, affording comparable yields to those found when the reaction is carried out in the presence of catalytic amounts of ZnCl 2 ; however, when the ratio between these reagents is changed to 2∶1 or 1∶1 (as in 1) no reaction is observed. Thus, Oshima's reactivity studies, together with the fact that 4 is the product resulting from the metathesis reaction between 3 M equivalents of t BuMgCl and ZnCl 2 , suggests that mixed-metal Scheme 2. solvent-separated ion pair structures such as that displayed by 4 could be the active or the coactive species in these catalytic transformations. (However, it must be noted that best results in these reactions are obtained when aryl magnesium reagents are employed, whereas with n BuMgBr only traces of the desired silane are obtained) (5) .
We next studied the structure of 4 in solution using 1 H and 13 C NMR experiments which showed that in THF solution 4 is in dynamic equilibrium with its two monometallic components, t Bu 2 Zn and t BuMgCl. Thus, when isolated crystals of 4 were dissolved in deuterated THF, four distinct resonances are observed in the tertbutyl region of the 1 H NMR spectrum: a dominant singlet at 0.91 ppm that can be attributed to the main anionic Zn t Bu − 3 species but also three smaller resonances at 0.97, 0.88, and 0.86 ppm. that can be assigned to minor products t Bu 2 Zn and t BuMgCl (two resonances), resp. Controlled addition experiments of t Bu 2 Zn and t BuMgCl to solutions of 4 in deuterated THF (SI Text) confirmed that these minor species are in equilibrium with the mixed-metal compound 4. This equilibrium seems to be strikingly sensitive to the concentration of 4 in these THF-solutions, because under more dilute conditions disproportionation of 4 into its monometallic components is more favored. Based on the relative integration in the 1 H NMR spectrum. the ratio Zn t Bu − 3 ∶ t Bu 2 Zn∶ t BuMgCl alters significantly from approximately 8∶1∶1 to 1∶1.3∶1.3 as the solution is made more dilute (SI Text). This solution scenario is probably the closest to that found under catalytic conditions. However, the position of this equilibrium will depend profoundly on what component reacts first with the organic substrate and on the starting concentration of the excess Grignard reagent present in the reaction mixture (34) .
Applications in Zn-I Exchange Reactions. Metal-halogen exchange reactions constitute one of the most powerful synthetic tools to functionalise aromatic molecules (35) . Zn-halogen exchange reactions of aromatic halides are particularly important because they allow the preparation of arylzinc compounds that are key precursors in Negishi cross-coupling processes (36) (37) (38) . Whereas more polar (and therefore more reactive) organometallics such as organolithium or organomagnesuium reagents are well established metal-halogen exchange reagents, less polar dialkylzinc compounds are more reluctant to react with aryl iodides and the presence of additives or catalytic conditions is required for the Zn-I exchange reaction to occur at a reasonable rate. Thus, Knochel has elegantly shown that Zn i Pr 2 fails to react with aryl iodides when THF is used as a solvent; however, when a mixture of Et 2 O∕NMP (NMP ¼ N-methylpyrrolidinone) is employed, the desired aryl(alkyl)zinc product ArZn i Pr can be obtained in quantitative yields (Scheme 3, i). The addition of catalytic amounts of inorganic salts such as Li(acac) (Scheme 3, ii) activates the second i Pr group of the organozinc reagent, allowing the preparation of highly functionalised diaryl zinc derivatives via direct Zn-I exchange (39) . Furthermore, results from the same research group have revealed that the presence of magnesium salts on the reaction of alkyl iodides (more reactive than aryl derivatives) with Zn i Pr 2 accelerated the Zn-I exchange process by a factor of 200 times compared to the reaction with neat Zn i Pr 2 (40) . Encouraged by these results, we decided to investigate the reactivity of trialkyl magnesium zincate 4 towards 4-iodotoluene to establish if the three tert-butyl groups can be activated to undergo Zn-I exchange allowing the formation of a homoleptic tris(aryl) magnesium zincate fZnAr 3 g − and three equivalents of t BuI (Scheme 3, iii).
Thus, 3 M equivalents of 4-iodotoluene were added to a solution of 4 (prepared in situ as described above) in THF, affording a pale yellow solution that was allowed to stir at room temperature for 15 min before being placed in the freezer (at −30°C) which after 24 h deposited colorless crystals of [fMg 2 Cl 3 ðTHFÞ 6 g þ fZnðp-TolÞ 3 g − ] (5) ðp-Tol ¼ 4-Me-C 6 H 4 Þ in a 60% yield, as determined by 1 H and 13 C NMR spectroscopy and X-ray crystallography. To elaborate, the 1 H NMR spectrum of 5 in deuterated THF displayed two doublets at 7.67 and 6.87 ppm and a singlet at 2.21 ppm that can be assigned to the aromatic and the methyl groups of the para-tolyl ligand, resp. In addition, two multiplets were observed at 3.61 and 1.77 corresponding to free THF molecules, whose integration showed a THF∶Ar 2∶1 ratio. The most notable feature of the 13 Cf 1 Hg NMR spectrum is the presence of a signal at 162.8 ppm for the ipso carbon, which is now directly bonded to zinc, that is remarkably more downfield than in the aryl iodide (91.1 ppm).
The molecular structure of 5 determined by X-ray crystallographic studies provided confirmation that the Zn-I exchange reaction has successfully occurred, via the activation of the three tert-butyl groups of 4 to form the new tris(aryl) MgZn hybrid 5 (vide infra). In close analogy to its precursor 4, 5 displays a solvent-separated ion-pair structure, containing the same binuclear cation fMg 2 Cl 3 ðTHFÞ 6 g þ , whereas its anionic counterpart is constituted by a trigonal planar zinc center σ-bonded to three para-tolyl groups (Fig. 5) .
To shed more light on the reaction of 4 with 4-iodotoluene and to distinguish between the possibility that 5 is made either by metal-halogen exchange or by an alternative pathway (such as a disproportionation process of a plausible fZnAr 2 ð t BuÞg intermediate species), we next carried out the reaction by using deuterated THF as the solvent, monitoring the reaction directly by 1 H NMR spectroscopy (Fig. 6 ). These studies revealed that, after 30 min, 83% of compound 4 has been converted into tris (aryl)zincate 5, establishing unequivocally that the latter is the result of a direct Zn-I exchange between hybrid 4 and 3 M equivalents of 4-iodotoluene. The formation of coproduct t BuI could be detected in the 1 H NMR spectrum (singlet at Scheme 3. 1.91 ppm), which also showed that this coproduct reacts very slowly with 5 (after 4 h at room temperature, traces of a different arylzinc species and 4-tert-butyl-toluene can be observed, SI Text). These preliminary studies prove that direct Zn-I exchange under mild conditions (room temperature, short reaction times) can be accomplished when magnesium trialkylzincate 4 is employed. Furthermore, these reactions occur with a high atom economy (41) because all three tert-butyl groups on 4 take part in the Zn-I exchange process. Within the context of lithium tri-and tetrazincates, Uchiyama, and Sakamoto (42) (43) (44) have reported their application in Zn-halogen exchange reactions, applying this methodology to a wide range of organic substrates. However, to the best of our knowledge, these reactions require the use of equimolar amounts of the aryl halide and the lithium zincate and, therefore, only one of the alkyl ligands of the mixed-metal reagent is consumed in the initial reaction, requiring then in the quenching step, the presence of an excess of the relevant electrophile because the remaining alkyl groups on the zincate can also be transferred.
Because Mg-Zn hybrid 5 possesses three covalent Zn-C (aryl) bonds within an anionic-activated "ate" structure, it could potentially be an excellent precursor in Negishi cross-coupling reactions (36) (37) (38) . Therefore, to evaluate the synthetic utility of 5, we carried out test reactions of solutions of 5 (prepared in situ) with 3 M equivalents of iodobenzene in the presence of 2.5 mol% ½PdCl 2 ðdppfÞ [dppf ¼ 1; 1 0 -bis(diphenylphosphino)ferrocene] (Scheme 4). These reactions proved extremely promising, affording 4-methylbiphenyl 6 in a 65% yield (this yield could be improved to 93% when isolated crystals of 5 were employed) (Scheme 4) showing the excellent potential this mixed Mg-Zn synthetic methodology has for the preparation of unsymmetrical biaryls and providing a proof of concept that tris(aryl) zincates are effective precursors for Pd-catalysed Negishi cross-coupling reactions.
Concluding Remarks. A systematic study of the "simple" metathesis reaction of ZnCl 2 with variable amounts of the Grignard reagent t BuMgCl has been carried out that offers a closer insight into the multicomponent species involved in this fundamental synthetic tool. When only 1 M equivalent of the Grignard reagent is employed, a hybrid Grignard ½ðTHFÞ 4 Mgðμ-ClÞ 2 Znð t BuÞðClÞ (1) (4) is obtained and the formation of side product 3 is significantly inhibited. Solvent-separated ion pair complex 4 can be envisaged as a model for the active species in the organic transformations of Grignard reagents by using catalytic amounts of ZnCl 2 . Collectively, results highlight that metathesis reactions and the constitution of the organometallic species formed can be a bewilderingly complicated subject, involving the formation of several distinct organometallic products that poses the intriguing question: "Do all, some, or any of the reactivities previously attributed to homometallic reagents, prepared through this commonly used route, actually belong to one or more mixed-metal Mg-Zn species?"
Building connections between organic and inorganic chemistry, we investigated the application of magnesium trialkylzincate 4 in Zn-I exchange reactions. These studies revealed that the three tert-butyl groups in 4 are active towards reaction with 4-iodotoluene, allowing the preparation of tris(aryl) zincate 5 whose structure has been determined by X-ray crystallography. Furthermore, it was established that this compound can be effectively used as a precursor in Negishi cross-coupling reactions. Further investigations on the application of this mixed magnesium-zinc approach to metal-halogen exchange reactions to other substituted aromatic substrates are currently underway in our laboratory.
Materials and Methods
For more details on the general conditions employed, crystal data, full experimental details and the NMR spectral data see SI Text. 4 Mgðμ-ClÞ 2 Znð t BuÞðClÞ] (1). A solution of tert-butylmagnesium chloride (2 mL of a 1 M solution in THF, 2 mmol) in THF (10 mL) was cooled to 0°C, and zinc chloride (2 mL of a 1 M solution in diethyl ether, 2 mmol) was added dropwise, resulting in the formation of a white precipitate. After stirring for 1 h at 0°C, the solid was removed by filtration. The filtrate was concentrated in vacuo (to approx. 3 mL), and then hexane (2 mL) was added. The resulting colorless solution was then transferred to the freezer (−30°C) and after 48 h a crop of colorless crystals of 1 were isolated (average isolated yield ¼ 0.11 g, 10%). The isolated yield of 1 could be improved to ∼95% by reacting t BuZnCl (2 mmol) with MgCl 2 (2 mmol) in THF.
Synthesis of [ðTHFÞ
Synthesis of [fMg 2 Cl 3 ðTHFÞ 6 g þ fZn t Bu 3 g − ] (4). A solution of tert-butylmagnesium chloride (6 mL of a 1 M solution in THF, 6 mmol) in THF (10 mL) was cooled to 0°C, and zinc chloride (2 mL of a 1 M solution in diethyl ether, 2 mmol) was added dropwise. The resulting colorless solution was stirred for 1 h at 0°C, concentrated in vacuo (to approx. 3 mL), and then transferred to the freezer (−30°C). After 24 h, a crop of colorless crystals of [ðTHFÞ 4 MgCl 2 ] were isolated (0.54 g, 1.4 mmol). To the filtrate was added hexane (2 mL) and the resulting solution returned to the freezer for 48 h. A batch of colorless crystals of 4 were isolated (average crystalline yield ¼ 0.34 g, 19%). Compound 4 could also be prepared using an alternative co-complexation route by reacting t BuMgCl with t Bu 2 Zn.
Synthesis of [fMg 2 Cl 3 ðTHFÞ 6 g þ fZnðp-TolÞ 3 g − ] (5). Compound 4 was generated in situ by adding Zn t Bu 2 (0.36 g, 2 mmol in 10 mL THF) to a solution of tertbutylmagnesium chloride (1 M solution in THF, 2 mL, 2 mmol) in THF (10 mL). 4-iodotoluene (1.308 g, 6 mmol) was then introduced and the resulting yellow solution stirred for 30 min at room temperature. The volatiles (including t BuI) were then removed in vacuo, then THF (20 mL) was added and the solution stirred at room temperature for 1 h. The solution was concentrated in vacuo, and then transferred to the freezer for 48 h. A batch of colourless crystals of 5 were isolated (average crystalline yield ¼ 0.994 g, 60%). Compound 5 can also be obtained when compound 4 is prepared by using the metathetical approach (3 M equivalents of t BuMgCl and ZnCl 2 ), however, the resulting crystalline samples of 5 proved to be contaminated by cocrystallisation of [ðTHFÞ 4 MgCl 2 ].
